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WKH UHDFWRUFRPSRQHQWV5DPNXPDUHWDO >@ LQYHVWLJDWHGD*7$ZHOGLQJRI WKHQLFNHO VXSHUDOOR\DQG66IRU
KLJKWHPSHUDWXUHDQGFRUURVLYHHQYLURQPHQWVDSSOLFDWLRQVVXFKDVSRZHUSODQWVDQGDOVRVWXGLHGWKHZHOGDELOLW\RI
,QFRQHO  DQG $,6, / >@ 0DODNKRY HW DO >@ VWXGLHG WKH H[SORVLRQ ZHOG RI QLFNHO DQG VWHHO SODWHV IRU
DSSOLFDWLRQZLWKKLJKWHPSHUDWXUHDQGKLJKHURVLRQORDGLQJDVWXUELQHV




WKH EUD]LQJ SURFHGXUHV DQG WKH UHODWHG PHFKDQLFDO HGJH SUHSDUDWLRQ ,Q WKLV UHJDUG WKH PXOWLPDWHULDO DGGLWLYH
PDQXIDFWXULQJZDVLQYROYHG
7KHUHDUHVRPHUHVHDUFKHVRQWKHPXOWLPDWHULDODGGLWLYHPDQXIDFWXULQJ)RUH[DPSOH/LXHWDO>@VKRZHGWKH
6HOHFWLYH ODVHUPHOWLQJ RI VWHHOFRSSHU ELPHWDOOLF REMHFWV 7KH DXWKRUV DFKLHYHG YHU\ JRRGPHWDOOXUJLFDO ERQGLQJ
HYHQ WKRXJK WKH\PDNH DQ LPSRUWDQW QRWHDERXW VRPH WHFKQRORJLFDO SUREOHPVDQG VWURQJQHHGRI FRUUHFW SURFHVV




PDWHULDO REMHFWPDQXIDFWXULQJZLOOPHHW WKH SUREOHPVZLWK JHRPHWU\ GLIIHUHQW OD\HU WKLFNQHVV IRU HDFKPDWHULDO
QHHGVRIWDNLQJLQWRDFFRXQWWKHGLIIHUHQFHLQWKHUPDODQGSK\VLFDOSURSHUWLHV'LIIHUHQWDVSHFWVRISDUDPHWULFVWXGLHV
RI WKH ODVHU FODGGLQJZDV LQYHVWLJDWHGSUHYLRXVO\ >@ WKH H[SHULHQFHRISRZGHUJDV IORZDQGSUHKHDWLQJZDV
VKRZHGLQ>@*XVDURYHWDO>@VKRZHGWKHQHHGRILQSXWSRZHUFRQWUROWRDYRLGDGGLWLRQDOUHVLGXDOVWUHVVHV
7KHPDMRU JRDO RI WKH SUHVHQW VWXG\ ZDV WR LQYHVWLJDWH RI WKH ODVHUPDWWHU LQWHUDFWLRQ SURFHVV XVLQJ GLIIHUHQW
DSSURDFKHV)RU WKHVWXG\ WZRSRZGHUV VWDLQOHVVVWHHODQGQLFNHOVXSHUDOOR\RI LQGXVWULDOXVHZHUHDSSOLHG7KH
VXEMHFW ZDV FRQQHFWHG ZLWK WKH GHYHORSLQJ RI RSWLPDO SURFHVV SDUDPHWHUV RI ODVHU FODGGLQJ IRU ERWK VHOHFWHG
PDWHULDOVDQGIDEULFDWLRQRIPXOWLPDWHULDOELPHWDOVDPSOHV7KHLQIOXHQFHRIWKHFODGGLQJSDUDPHWHUVRQWKHWUDFN
JHRPHWU\PLFURVWUXFWXUHVDQGPLFURKDUGQHVVZDVVWXGLHG7KHERXQGDU\HIIHFWRIVPDOORIȝPRI ODVHUEHDP






WR  RI FKURPLXP XS WR  RI QLFNHO DQG XS WR  RI WLWDQLXP VLPLODU WR $,6, VWHHO 7KH HOHPHQW
FRPSRVLWLRQLVSUHVHQWHGLQWKHWDEOH7KHVWDLQOHVVVWHHOSRZGHUIUDFWLRQZDVRI±ȝPILJDZLWKDOPRVW
VSKHULFDOSDUWLFOHVKDSHILJD0HDQSRZGHUSDUWLFOHVL]HZDVȝP6SKHULFDOVKDSHIDFWRURIWKHSDUWLFOHVLV






SRZGHU LV ȝP ILJ E0HDQSRZGHUSDUWLFOH VL]H LV ȝP7KHSRZGHUSUHVHQWV VSKHULFDO VKDSH ILJ E
6SKHULFDOVKDSHIDFWRURIWKHQLFNHOSRZGHUSDUWLFOHVLV7KHPHDVXUHGSRZGHUEXONGHQVLW\ZLWKRXWWDSLQJZDV
NJP7KHW\SLFDOXVHRIQLFNHOVXSHUDOOR\VDUHWKHDSSOLFDWLRQZLWKKLJKWHPSHUDWXUHVDVWXUELQHSDUWV
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7KHJUDQXORPHWULFDQDO\VLVILJRIWKHSRZGHUVZDVFDUULHGRXWE\DQRSWLFDOJUDQXORPRUSKRPHWHU$OSDJD
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2.2. Experimental setup 
7KHFODGGLQJZDVGRQHXVLQJ'&1&PDFKLQH7UX&HOO7UXPSI*HUPDQ\HTXLSSHGZLWK<E<$*GLVF
ODVHURI±:RIRXWSXWSRZHUZLWKDZDYHOHQJWKRIQP7KHVSHFLILFODVHUFODGGLQJKHDGZLWKFRD[LDO
SRZGHU IHHGLQJ ILJ ZDVXVHGZLWK PP VWDQGRII GLVWDQFHRI WKHQR]]OH7KHXVHGFKDQHOSRZGHU IHHGLQJ
V\VWHPDOORZVDSSO\LQJWZRSRZGHUVVHTXHQWLDOO\RUVLPXOWDQHRXVO\7KHSRZGHUZDVVXSSOLHGLQWKHZRUNLQJ]RQH
WKURXJKWKHQR]]OHZLWKKHOSRIWKHDUJRQVKLHOGLQJJDVDQGKHOLXPDVWKHFDUU\LQJJDVDWWKHUDWHRIOPLQHDFK
7KH RSWLFDO V\VWHP SURYLGHV ȝPRI IRFXVHG ODVHU VSRW$V WKH SXUSRVHZDV WRPDNH WKH SUHFLVLRQ ODVHU
FODGGLQJIRU'REMHFWVPDQXIDFWXULQJWKHH[SHULPHQWVZHUHGRQHXVLQJȝPGLDPHWHU7KHWUDQVYHUVDOHQHUJ\
GLVWULEXWLRQLQVLGHWKHODVHUEHDPZDVDOPRVW*DXVVLDQ7(0
2.3. Experimental approach 
7KHH[SHULPHQWDOZD\RISURFHVVSDUDPHWHUVRSWLPL]DWLRQZDVFKRVHQDQGWKHH[SHULPHQWDOSODQZDVFRPSRVHG


































































2.4. Sample characterization 
7RFRQWURO WKHJHRPHWU\DQGVWUXFWXUHRI WKH VDPSOHV WKHPHWDOORJUDSKLF VDPSOHVZHUHSUHSDUHG LQXVXDOZD\
7KH VSHFLPHQV ZHUH VXEMHFWHG WR WKH HWFKLQJ XVLQJ WKH IROORZLQJ VROXWLRQV D )H&O  +&O  HWKDQRO LQ UDWLR
JPOPOEJO\FHURO +12+&O LQYROXPHUDWLR FDFHWLFDFLG +12+&O LQYROXPHUDWLR
WKDWZHUHXVHGIRUERWKPDWHULDOV7KHRSWLFDOPLFURVFRSH2O\PSXV%;-DSDQDQG6(0ZHUHXVHGWR















$V WKH ODVHUSRZHUDEVRUELQJ WDNHSODFHGXULQJDERXWSV LQDYHU\ WKLQ DERXWQP VNLQ OD\HU WKH ODVHU
SRZHUKDVWKHKLJKHUYDOXHRILPSRUWDQFHGXULQJWKHSURFHVVLQFRPSDULVRQZLWKWKHVFDQQLQJYHORFLW\DQGSRZGHU
IHHG UDWH FKDUDFWHULVWLF WLPH LV LQ PV 7DNLQJ LQ DFFRXQW WKH IDFW WKDW ZLWK LQFUHDVLQJ RI YHORFLW\ WKH VSHFLILF




D3 :9 PPPLQ* JPLQ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E3 :9 PPPLQ* JPLQF3 :9 PPPLQ* JPLQ
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
)LJ2SWLFDOPLFURVFRS\SKRWRVRIDQLFNHOWUDFNVDQRWHQRXJKODVHUHQHUJ\EVXFFHVVIXOJHRPHWU\FJUHDWGLOXWLRQ
D3 :9 PPPLQ* JPLQE3 :9 PPPLQ* JPLQF3 :9 PPPLQ* JPLQ

,W KDV WR EH XQGHUOLQHG WKDW ZLWK ERWK SRZGHUV VRPH VLQJOH WUDFNV ZHUH VXFFHVVIXOO\ SURGXFHG HYHQ ZLWK
PPPLQRIVFDQQLQJVSHHGDW:DQGDERXWJPLQLHDERXW-J7DNLQJLQWRDFFRXQWWKHGHVFULEHG
DERYH LQIRUPDWLRQ LW FRXOG EH FRQFOXGHG WKDW WKH VFDQQLQJ YHORFLW\ LQGHSHQGHQW UROH )LJ  SUHVHQWV D UDQJH RI
VLQJOHWDFNVSURGXFHGZLWKVWDLQOHVVVWHHOSRZGHUZLWKGLIIHUHQWSURFHVVSDUDPHWHUVWKHH[SHULPHQWVZKHUH(*ZDV
PRUH WKDQ DVZHOO DV VFDQQLQJYHORFLWLHVZDVPRUH WKDQPPPLQZHUH UHMHFWHG7KHSURFHVV SDUDPHWHUV
RSWLPDFRXOGEHFRQVLGHUHGLQWKHUDQJHRIWRPPPLQPDUNHGRQWKHILJXUH,WFRXOGEHFOHDUO\YLVLEOH




HTXDWLRQ ZKHUH9 LV VFDQQLQJ YHORFLW\ G LV WKH ODVHU EHDP GLDPHWHU DQG Ȥ LV WKH WKHUPDO GLIIXVLYLW\ 3HFOHW
QXPEHUVKRZVWKHUDWLREHWZHHQDGYHFWLYHDQGGLIIXVLYHKHDW WUDQVIHUUDWHV LHVLPSO\EHWZHHQPDVVKHDW WUDQVIHU












6FDQQLQJYHORFLW\          
3H          
7DEOH3HFOHWQXPEHUYVVFDQQLQJYHORFLW\IRUQLFNHODOOR\SRZGHU
6FDQQLQJYHORFLW\          






PHOWLQJ WKDW FRXOG EH FRQVLGHUHG DV ORZ DGKHVLRQ WR WKH VXEVWUDWH RU WR WKH XQGHUOD\HU 2Q WKH RWKHU VLGH WR
HVWLPDWH WKH UHTXLUHG SRZGHU PHOWLQJ SRZHU WKH HTXDWLRQ  FRXOG EH XVHG DV WKH LQLWLDO DSSUR[LPDWLRQ ,Q WKLV
HTXDWLRQLQVWHDGRIPDVVSDUDPHWHUWKHSRZGHUIORZPDVVIHHGUDWHmLVXVHGSURYLGLQJHVWLPDWLRQLQ:DWWV&SLV














WKH H[SHULPHQWDO ODVHU SRZHUV DQGPHDVXUHGGLOXWLRQ ]RQHKHLJKW7KH VTXDUHPDUNV VKRZ WKH FDOFXODWHGSRZHUV



















ź±GLOXWLRQSUREOHP JHRPHWU\LUUHJXODULW\ GLPHQVLRQDVSHFWUDWLR$5SUREOHP VPDOOGLOXWLRQ
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VHFRQG VLQJOHWUDFN WKDW ZDV FODGGHG LQ DGMDFHQWZLWK WKH SUHYLRXV RQH KDG WKH JUHDW GLIIHUHQFH IURP WKH LQLWLDO
VLQJOHWUDFN6LQFHWKLVSUREOHPZDVQRWDSSHDUHGGXULQJVLQJOHWUDFNZDOOPDQXIDFWXULQJWKHSUREDEOHH[SODQDWLRQ
FRXOGEHDVIROORZV'XULQJVLQJOHWUDFNPDQXIDFWXULQJVRPHSRZGHUOHDYHVWKHZRUNLQJ]RQHGXHWRWKHJDVIORZ
G\QDPLFV DQG SDUWLFOHV FROOLVLRQV DQG UHERXQGLQJ ,Q FODGGLQJ RI WUDFNV WR HDFK RWKHU WKH SRZGHU SDUWLFOHV FDQ
LQWHUDFWZLWKWKHSUHYLRXVWUDFNVXUIDFHDQGUHWXUQLQWKHZRUNLQJ]RQHVRWKHRYHUDOOTXDQWLW\RISRZGHULQYROYHGLQ
WKHFODGGLQJLQFUHDVHV7KHDSSURSULDWHVROXWLRQZDVWRGHFUHDVHWKHSRZGHUIHHGLQJUDWH
7KLV LQIRUPDWLRQ ZDV XVHG LQ ILQGLQJ RI KDWFK GLVWDQFHV LQ ;< DQG = GLUHFWLRQV 'XULQJ WKH ZRUN VRPH
UHSUHVHQWDWLYHVDPSOHVZHUHPDQXIDFWXUHGILJ
3.2. Special aspects of multi-material cladding 
'XULQJ WKHH[SHULPHQW WKHRSWLPDOKDWFKGLVWDQFHVZHUHGHWHUPLQHGZKHQPDWHULDOVZHUH IXVHG WRHDFKRWKHU
6LQFH WKHVHOHFWHGRSWLPDO WUDFNVRIVWHHODQGQLFNHOZHUHVLPLODU LQJHRPHWULFGLPHQVLRQV WKHUHZDVQRSUREOHP
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UHSHDWV WKH VXUIDFH XQHYHQQHVVHV 7KH VXUIDFH LV PRUH IODW DW WKH ILJ E 7KH DSSHDULQJ SUREOHP LV WKH
PLFURVWUXFWXUDOLPSHUIHFWLRQVRIIXVLQJEHWZHHQWKHVWHHODQGWRSQLFNHOOD\HUV7KLVOHDGVWRQHHGRIDGMXVWLQJWKH
FODGGLQJ SDUDPHWHUV ZLWK FRQVLGHUDWLRQ RI XQGHUOD\HUPDWHULDO GXH WR DSSDUHQWO\ GLIIHUHQFH LQ WKHUPDOSK\VLFDO
SURSHUWLHV
7KHRWKHU RXWFRPH IURP WKH ILJ E LV WKDW WKHUH LV QHHG WR FRQWURO WKH KDWFKGLVWDQFH EHWZHHQ WKH VWHHO DQG
QLFNHOSDUWDVZHOODVWKHVWDUWSRLQWRIWKHIROORZLQJFODGGHGPDWHULDO7KHGLVFRQWLQXLW\IODZEHWZHHQWKHVHFRQG
OD\HURIVWHHODQGDGMDFHQWQLFNHOOD\HUFRXOGEHWKHUHVXOWRIQRQRSWLPDOKDWFKGLVWDQFH
)RU WKHZDOO VDPSOHV WKHRYHUKHDWLQJ DW WKH ODVW OD\HUVZDVQRWHG7KHHYLGHQW UHDVRQ LV WKH FKDQJHG WKHUPDO
SURSHUWLHV DQG FRQGLWLRQVRI ODVHU FODGGLQJGXULQJ WKH SURFHVV7KH UHDVRQDEOH DFWLRQ LV WRGHFUHDVLQJ WKH HQHUJ\
LQSXWRIWKHPDQXIDFWXULQJRIXSSHUOD\HUVDQGOHWWKHPDWHULDOWRFRROLQJGRZQXVLQJPRUHGZHOOWLPHEHWZHHQWKH
OD\HUV PDQXIDFWXULQJ 3RVVLEOH VROXWLRQ LV WR FKDQJH WKH SURFHVV SDUDPHWHUV WRPDNH IDVWHU ODVHU FODGGLQJ XVLQJ
WRPPLQDQGPRUHEXWHYHQZLWK:RIODVHUSRZHUPPPLQRIVFDQQLQJYHORFLW\DQGWRJPLQWKH
WUDFNDSSHDUV LUUHJXODUDQGXQVWDEOH LQ ORQJLWXGLQDOGLUHFWLRQ7KHRWKHUVROXWLRQ LV WRXVH WKHSXOVHSHULRGLF ODVHU




WKH PRUSKRORJ\ RI WKH XSSHU OD\HU WKDW ZDV LQGLFDWHG E\ WKH ZDYHVWUXFWXUH ILJ E XSSHU F\OLQGHU 7KH
UHDVRQDEOH VROXWLRQ LV WR ILQGPRUH VWDEOH FRQGLWLRQV RIPDQXIDFWXULQJ DQGPDNH DQ DQJXODU KDWFK GXULQJ OD\HU
PDQXIDFWXULQJWRDYRLGDV\VWHPDWLFHUURU
3.3. Microstructures 
7KH WUDQVYHUVDO VHFWLRQV RI WKH VDPSOHVZHUH VWXGLHG E\PHWDOORJUDSKLF DQDO\VLV  $OO HWFKLQJ VROXWLRQVZHUH
DSSOLHGWRWKHFODGGHGPDWHULDOVZLWKGLIIHUHQWVXFFHVV7KHORZFDUERQVWHHOVXEVWUDWHZDVHWFKHGYHU\TXLFNO\EXW
WKHFODGGHGVWDLQOHVVVWHHOQHHGVDERXWVRPHPLQXWHVWRGLVVROYHWKHR[LGHOD\HURISDVVLYDWLRQ7KHUHVXOWVFRXOGEH




















7KH PDWHULDOV UHSUHVHQW W\SLFDO OD\HUHG VWUXFWXUH ILJ D 7KH PHWDOOXUJLFDO ERQGLQJ EHWZHHQ WKH OD\HUV LV
DVVXUHGE\PHOWLQJDSRUWLRQRIERWWRPPDWHULDOVXEVWUDWHRUERWWRPOD\HU%\WKHH[SHULHQFH WKHZHOGDELOLW\RI
VWHHODQGQLFNHOLVJRRG7\SLFDOO\WKHERWWRPOD\HUVZDVH[SRVHGWRWKHKHDWIOX[RIWKHFODGGHGXSSHUOD\HUZLWK















3.4. Element composition 
7KHHOHPHQWDQDO\VLVRIWKHHDFKFODGGHGPDWHULDOVKRZHGDOPRVWLQLWLDOFRPSRVLWLRQ7KHVLGHYLHZRIWKHVWHHO
VDPSOHV SUHVHQWHG WKH ³JROG´ FRORXU WKDW FRXOG EH DWWULEXWHG WR WKH WLWDQLXP VHJUHJDWLRQ WR WKH VXUIDFH DQG LWV


















DQDO\VHGDORQJ WKHKHLJKW ILJZLWK WKH IROORZLQJ UHVXOWV+9RIQLFNHO VXSHUDOOR\+9RI WKH
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PP DQG WKH LQWHUIDFH ]RQHZDV OHVV WKDQP7KH WHFKQRORJ\ DVSHFWPLFURVWUXFWXUHV HOHPHQW DQDO\VLV DQG
KDUGQHVVDQDO\VLVZDVGRQHWRFKDUDFWHUL]HWKHVDPSOHV7KHPDLQFRQFOXVLRQVFRXOGEHDVVHPEOHGDVIROORZV
x WKHEHWWHUSRZHUFRQWUROUHJLPHLVQHHGHGIRUH[DPSOHSXOVHSHULRGLFUHJLPHRIODVHU
x VRPH SDLUV RI FRPELQHG SDUDPHWHUV DQG WKHUPRG\QDPLF FKDUDFWHULVWLFVZHUH SURSRVHG WR LQYHVWLJDWH WKH
SURFHVVSDUDPHWHUVRSWLPL]DWLRQ
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x LQVRPHFDVHVGXULQJWKHFODGGLQJWKHWUDFNVHDFKWRRWKHUWKHGHFUHDVLQJRISRZGHUIHHGLQJUDWHLVQHHGHG
GXHWRFKDQJHVLQSRZGHUGLVWULEXWLRQFRQGLWLRQV
7KH IXWXUH ZRUNV VKDOO EH LQWHQGHG WR LPSURYH WKH SURFHVV SDUDPHWHUV LQ WHUPV RI RYHUKHDWLQJ RI PDWHULDO
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